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11111 ocduction

Actel ¥ PGAs are ver y attractive to spacecraft designer s and indeed ar ¢ included on many planned
missions | 1o wevel, as highly-scaled, commercial, non radiationhardened devices, they are
accompaniedby a varicty of “radiation issues. lncorporating a unique and patented "antifuse”
technology. theymay also present special problems. Indeed, in the cour se 017 routine SEE testing
with heavy 1ons, a new failure mod e was encountered | 1] which ultimately was related to ion-
induced rupture of antifuses [2] and named single event diclectric rupture (SEDRY) for s similatity
to gate rupture (SEGR) seen in powet M O SIFETs [e g 3 and 4)

This paper relates the approach taken and the results obtained during, a series of follow-up hcavy
10n tests to quantily SEDR susceeptibility. The experimental approach allows the collection of a
statistically significant number of events on a given test part for this destructive mechanism Fou all
three Actel families of devices, SEDR cross sections were obtained as cight parameters were
varied: normal LT, angle, lot, feature size, bias, temperature, operating frequency, and data
pattern, as illustrated in Figure 1 for a set of inadiations of ACT 1 o1 1280 devices.

Background

The Actel FPGAS' silicon real estate is about half devoted to logic modules and hall to an
interconnection matrix (ignoring peripheral circuitry for programming and control functions) The
mattix consists of horizontal and vertical conductors with an antifuse occupying, at cach crossing, a
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- Figure i. 1280 SEDR Test Matrix form BNI. Test, 8/2/94 _
Note theaster isk mdicates the matrix "eenter” of: biass SV, sizes 1.0 micron. ‘pu(lcnr alter nating,
ton: 1odime (1T 60 M eV permg/sq em, ang, les normal, ficquency= 2.5 Mz temperatuie:room
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-circular area defined by the line width. The antifuse diclectric is a thin sandwich of oxide-nitride-
oxide or ON() measuring -80 to 90 angstrom oxide-equivalent thickuess. A typical FPGA design
will have a few per cent of these connected via electiically induced dielectric breakdown (o1
rupture). A random unconnected antifuse will be biased when the logic levels on the two crossing
conductors ar ¢ different which obviously depends on the duty cycle and phase of the two signals
There are many of these unconnected antifuses: -1 75,000 fo11020s, --650,000 for 1280s, and
-550,000 fori400s.

Operating within the 5.5V spec limit, the electiic field on the insulating ONO of a biased antiluse is
about 6 MV/cm in magnitude, either positive o1 negative. An undesited connection occurs when a
heavy lon "br caks” a biased antifuse. The symptoms ol such a counection can be benign with a
small cuirentincs case only, inter mittent due 1o 5 educed timing, and voltage mar gins, or har d faults
Obviously, tile seriousness of a particular SEDR depends on circuit considerations surrounding, the
heavy ion programmed antifuse.

Fxperumernal Approach

“1’0 measure ¢10ss sectionsforadestructive phenomenonlike SEDR it is important to establish a
test method that allows collecting and counting a statistically sipnificant number of events. This i's
pat ticular ly problematic in SEGR testing of power MOSELT's where the test device is destioyed
The two most interesting aspects of the approach of this investigation arc the test device program
and the methods for counting SEEDR events. Since multiple events were accumulated onindividual
test devices, car ¢ was taken to ensure that the cross sec tion lowering caused by tile previous events
was nottoo large.

The test 'PGAs were programmed as shift registers with (mostly) tiple moduleredundancy
(TMR).Each TMR shift elementnced only have two of three flip/flops functioning for tile test
device to continue working, and single flip/flop failures would not clhianige the biasing onthe
substantial majority of the antifuses. Some details of the TMR design can be found in Ref |
During irradiations, a pattein (an ones, all zeros, o-alternations) was ciocked through the shift
1egisters while SEUSs were counted and segment failures were noted. A crude Count of SEDR
cvents could be made from the strip chaits Of the dynamic cutrent drawn (see Figure 2)

Additionally, two other SEDR counting methods have been employed First, emission microscopy
techniques (I: MMI) were employed to identify high cutient nodes. Those noted at antifuse
locations correspond to damage sites. These high curient nodes could be turned on and ofT with
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Figure 2. Current during liradiation of 1280A Device(s/n:350)t0a I luence of 2.515/sq. cm of
iodine (LET= 60 Mev pcr mg/sq.cm). Otherparameters: 5.5V, 1 oom temperature,
1.0 micron, 2.5 Mllz, alternating pattern.




eppropriate vectors in the TMR shift registers. Second, an Ippg technique was developed
consisting of walking a one (and, later, a z ero) through cach shift ¢leimentagainsta backgroundof
the opposite state in all the other clements. It was found that this was very revealing, yielding,
from the size and magnitude of the curtent change foreachelement, the most exact number and
type of ion-induced connections. Details of this technique will be forthcoming [5]

Results

Results for tile 1280 devices are summarized in Table 1. (The full paper will expand these, as well
as presentresults for 1020s and 1460s. ) The cross sections given at ¢ based on the
95°/o-confictcnec-level wo[-st-case value for the expected number of SEDR sites fiom the observed
number, This Poisson treatment iSnecessary because 01 the small actualnumbers O to 30

TABLEL SEDR Cross Section Variations foilight Paramicters on the Actel i 280

95% Worsl Case
Cross Sections (cm?)

Parameter: __ # tested Mean .__M_ln. __Max. _Note
lon: Au (LET= 82) 1 8.7E-4 Y
Xe (LET =63) 1 2.0E5 5v
I (LET= 60) 5 2.2B-511E5 4.5 E-5 bV
_ Br (LET= 37 ) 1 3.0E7 )
Xe (LET=63) 9 1.5 E-4 1.1E-41.9E4
Kr (LET= 40) 2 2.3 E-7 1.8 E-7 2.8E-7
Br (LET=37) 2 6.0E-7 1.9 E-7 1.0E-6
Angle: 0 degrees 5 22E5 1.1E-5 45 E-5 5V,LET=60
45 degrees 1 4.9E-6 — 5V LET=60
Lot: U1H96 1 1.3 E4 1E7=60
- U1H58 I 1.2E-4 lET=60
U1H58 1 1.6E-4
U1H80 3 1.7E-4 1.5 E-4 19E-4
U1H82 2 1.5E-4 1.4 E-4 1.5E-4
U1H83 2 1.4E-4 1.1E-4 1.6_E-4 _
] Size: 1.0 micron 1 2 OE5 - 6V
1.0 micron 5 2.2E-5 11E-5 4.5 E-5 OV, LET=60
_ 1.2 micron | 8.5E-5 5V, LET=60
1.0 micron " 9 1.5E-4 1.1E-4 1.9 E-4
1.2 micron_ 1 1.2E-4 .
Bias: 5.5 v 9 1.5E-411E-4 1.9 E-4
50v 1 2.0E-5
. 4.5V , 1 4.0E-7
50v 5 2.2 E-5 11E-5 45 E-5 . LET=60
Temperature: 30 degrees 9 1.56-4 1.1E-4 1.9E-4
100 degrees 1 1.&[5_-4___ R
Frequency: 2.5 MHz 5 22E-5 1.1E-5 45 E-5 5LV, LET=60
0.675 Mtk 1 18 E-5 bV, LET=60
Pattern: alternating 5 2.2 E-5 1.1 E-5 45E-5 5V, LET=60
all zeros 1 7.4E-6 5V, LET=60
ail ones __ 1 16 E5 __ __v_bV, LET=60

Except where specifically noted in the “Parameter” or “’Note” columns, the parameters

are: lon=Xe (LET=63), Angle=0 degrees, Lot==various,Size= 1.0 micron, Bias=5 5y,
Temperature=30 degrees C., Frequency =2 5MHz, Pattern:=:alternating.

Note: All LETs are in MeV per mg/cm?.




Tuture Ixperimental Approach

The present approach works reasonably well, taking advantage of the TMR design to maintain
functionalit y even with several ruptur cd anti fuses }However, better statistics and mot ¢ accuracy in
the counts of biased antifuses arc desirable goals Onc attempt at achieving those goals using,
1280A (| o mict on) devices turned on the programming, pass transistor S so that essentially allthe
antifuses were biased with an external source appliedto the Vpp pin - Unfortunately, in this mode,
latge susceptibilities to latchup and control register upscets intetfer ed, making collection of SEDR
data unreliable. (Note that SEl. has not been observed during extensive irradiations for the 1280A
in normal operation, implying that the susceptible atca is only used during programming. ) Biasing
most of the antifuses using the logic modules' outputs by programming afew selected antifuses has
proven more successful, yielding results consistent with those alieady discussed ‘J bough this
method requites the use of eitherthe I MMI or current stiip char t techniques to count the ruptur ¢
sites, it is the preferred choice for future testing

Conclusions

Of’the parameters investigated, only bias, normall I:'T, and angle exhibited strong enough eftects
to be considered significant, given the inherent statistical uncertainties  Susceptibility to SEDR
increases rapidly with anion’s normally incident 1 .1t and with applied voltage. Ioragivenion and
encrgy, susceptibility falls sharply as incident angle deviates from perpendicular to the silicon
surface. Other dependencies, if any, are more subtle

Folding these dependencies into a calculation of the jate of SEDR in the 1 O°A woist case GCR
environment yields ver y low numbers: less than 3x 1073 per device-year for 1280s and 7x 1070 for
1020s assuming operation a o1 below 5.5V.Note two additional assumptions that a “real” design
has no more than 5 times the average number of biased antifuscs relative to the test design and that
the heaviest fractions of the GCR enviionment are known t0 within a factor of three [6]. Thus, onc
can conclude that, although the existence of this new heavy ioninduced failure mechanism is
somewhat disturbing, the increment in missiontisk from SEDR is very small Fven the eight month
Mars Pathfinder primary mission, arather extreme case having seventeen 1280sin single-stl ing
mission-critical circuits, has a 99.960/0 chance of not experiencing an SEDR.

Theseresults apply to all feature sizes of all families of currently available, commercial quality
Actel devices, consistent with minor diflerences in the antifuse Interest in using these ' PGAs in
radiation environments is quite high. Thus, Phillips 1.aboratory has commissioned 1.otal to produce
them using theirt adiation-hardened process. 1 Jowever, SEDR susceptibility would be essentially
unchanged unless specia steps (such as thickening the antifuse) arc taken  As a consequence Of
thiswork, 1,01 al iscvaluating strategiesfor SEDR hardening,
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